Escherichia coli has been associated with human acute inflammatory systemic infections (32) . Although human virulence does not always correlate with mouse virulence, mice have been widely used to study these pathogenic strains (4, 6, 8, 17, 20, 22) .
The mechanisms of virulence of E. coli for mice or humans are not known. Attempts to correlate virulence with a specific cell fraction, such as cell wall lipopolysaccharide (20, 22) or compounds containing sialic acid (5), have not been successful.
Mouse virulence is correlated with the presence of certain K antigens, with those strains containing the L or heat-labile varieties being the most toxic (8) . The mouse virulence of organisms containing K antigen is greatly increased (about one million-fold) when they are suspended in hog gastric mucin, although the increase in virulence due to mucin of spontaneously occurring smooth mutants, which lack K antigen but retain the 0 antigen, is minimal (C. W. DeWitt and P. M. Allen, Bacteriol. Proc., p. 119. 1961).
Neither the specificity nor the mode of action of protective antibody in E. coli infections is known. Antiserum directed against those bacteria with envelope (K+) is more active in passive protection of mice than antiserum prepared against bacteria lacking envelopes (K-) (8) or against heat-killed bacteria (4) when K + organisms are used for challenge. Active immunization with the K+ form will protect against challenge with this form to a much greater extent than will immunization with the K -variant (1) .
Unlike the sera of other species, mouse serum appears to lack an in vitro bactericidal mechanism (12, 16) and mouse peritoneal fluid is nonbactericidal in vitro or in vivo (31) . This has stimulated interest in the opsonic activities of mouse serum. The removal by the host of gramnegative bacteria from the mouse peritoneal cavity is dependent on opsonic factors (7, 33 ) the specificities of which are ill-defined, and horse serum opsonins increase phagocytosis of E. coli by mouse peritoneal macrophages in vitro (21) .
The experiments reported here were designed to determine the effect of K antigen and hog gastric mucin in the virulence of E. coli. The strains used in these experiments were mousevirulent strains containing K antigen and their spontaneously occurring, smooth mutants which lack K antigen and are essentially avirulent. In vitro phagocytosis. Normal mice were killed by cervical fracture and their peritoneal cavities were washed out with 3 ml of medium 199 containing sodium heparin, 2.5 USP units/ml (Lederle Laboratories, Pearl River, N.Y.). These washings were pooled in a complete medium consisting of medium 199, 10% fetal calf serum, penicillin (100 units/ml), and streptomycin (100 lAg/ml; Hyland Laboratories, Los Angeles, Calif.). An average of 4 X 10' to 5 X 106 leukocytes per mouse was obtained. The cells were added to plastic tissue culture plates, each containing a glass cover slip (22 X 22 mm), to a concentration of 4.5 X 106 cells per plate. After 60 min at 37 C in 5% C02-air, the cells which did not adhere were decanted, the plates were washed twice with medium 199, and fresh complete medium was added to the plates. Approximately 50% of the peritoneal exudate cells was removed in the washings, and the cells which adhered were 90 to 95% macrophages plus a few monocytes, neutrophils, and lymphocytes.
After an additional 12 to 16 hr of incubation, the medium was replaced with 5 ml of fresh medium, and the test serum and bacteria were added. Unless otherwise stated, 109 bacteria (14-to 16-hr BHI culture) in 1 ml of complete medium, and 0.2 ml of serum or serum dilution, were added per plate. After 75 min, the cover slips were washed twice with medium 199 and once with complete medium, air-dried, and stained with Wright stain. The number of bacteria in 100 consecutive macrophages was counted.
Passive protection test. Groups of 5 to 10 mice were injected intraperitoneally with approximately 70 K+ bacteria suspended in 2% mucin (a dose which was fatal to 100% of the controls), followed by intraperitoneal injection of 0.5 ml of serum or serum dilution in medium 199.
Agglutination tests. Agglutination tests were performed according to the method of Edwards and Ewing (3). The antigen concentrations were standardized so that the optical density at 660 nm was 0.18 to 0.20.
RESULTS
Determination of bacterial growth and dissemination. To gain some insight into the relationship among the host, parasite, and hog gastric mucin, the progression of infection after intraperitoneal and intravenous injection was investigated.
Mice were injected as described for the determination of virulence with 650 to 750 viable bacteria. After 0.5, 2, 5, and 10 hr, groups of mice were sacrificed, and counts were made of viable bacteria in blood, peritoneal cavity washings, and saline suspensions of homogenized whole organs (liver, spleen, kidney, and brain). Each experiment was repeated twice, and, although total counts per mouse varied greatly, the relationship of counts among the sites was uniform. Those sites which had the highest counts were the same in repeated experiments, as was the general pattern of bacterial growth or removal. The results shown in Fig. 1-3 Figure 1 shows the bacterial counts in the peritoneal cavity, blood, spleen, liver, kidney, and l/ brain after intraperitoneal injection of a nonlethal dose of 750 E-107 K+ bacteria in saline. Although it is not possible to compare directly counts in the various tissues, examination of the rates of increase are interesting. A rise in count occurred in the peritoneal cavity, followed by LIVER bacteremia and infection of all organs examined 106 at 5 hr. At 10 hr after injection, only very low 106 numbers of bacteria were present in the organs, SPLEEN but counts in the peritoneal cavity remained high. Figure 2 shows the progress of the mucin-enhanced infection. Increase in bacteria in the KIDNEY peritoneal cavity again preceded bacteremia which preceded appearance of bacteria in the organs. The bacteremia presumably represents OI spill-out from the peritoneal cavity. At 2 hr l after injection, only the peritoneal cavity and -/ blood showed increased bacterial counts, but by / 5 hr there were high counts in all organs except l the brain. At 10 organs examined were infected, and growth in these organs was demonstrated at 5 hr (Fig. 3) . By 10 hr after injection, counts in all the organs were greatly decreased. Similar experiments with the K -variant did not show any growth of bacteria. Thus intraperitoneal injection of mucin appeared to have a major effect on local host defenses and a lesser effect on systemic defenses. These effects were investigated further by reversing the routes of injection of mucin and bacteria. The LD5o of bacteria injected intraperitoneally in saline and in mucin was 106 and <10, respectively, showing the marked mucin depression of host defenses. When mucin was given intravenously, there was little or no effect on the virulence of bacteria injected intraperitoneally or intravenously. However, when mucin was introduced intraperitoneally, the LD50 of intravenously injected bacteria was decreased ( In vitro phagocytosis. The foregoing results indicated that there was a series of events occurring in the peritoneal cavity which determined death or survival of the host. Since phagocytosis by peritoneal macrophages is a prominent defense mechanism, we examined this system in vitro.
The difference in sensitivity of E-107 K+ and K-to in vitro phagocytosis was marked (see Table 2 ). Phagocytosis of the K+ bacteria was very low even when 1010 organisms were added to 2 x 106 to 2.5 x 106 macrophages (5,000 bacteria per macrophage). Many of the macrophages appeared to be coated with bacteria. Phagocytosis of K -cells occurred even when the bacteria-tomacrophage ratio was as low as 5:1. The addition of rabbit anti-OK sera led to phagocytosis of the K + bacteria.
Since the LD5o of E-107 K+ was high (106) in the absence of hog gastric mucin, we postulated that some phagocytosis mnight occur in vivo as the result of normal mouse opsonins. Indeed, macrophages harvested from mice 15 min after intraperitoneal injection with 106 E-107 K+ organisms showed that 97% contained bacteria, with a mean of 6.4 bacteria per cell.
This was substantiated by in vitro experiments ( Table 2 ). The K + cells were strongly phagocytized in the presence of 0.5 ml of normal mouse serum, and as little as 0.01 ml was also active.
We then began an examination of the specificity and role of opsonin in host defense mechanisms.
Passive protection against a lethal dose of E. coli 107 K+ in 2% mucin. Rabbit anti-107 K + serum (0.5 ml of a 1:100 dilution) injected intraperitoneally into groups of 10 mice as late as Table 3 shows the protective activities of various rabbit sera. The anti-OK serum was protective, and removal of anti-O antibodies by in vitro absorption did not decrease the protective capacity. Thus anti-K would appear to be the protective factor. However, anti-O antisera prepared by injection of heated (2 hr at 100 C) E-107 K + and K -, as well as one heterologous (anti-O 50) cross-reacting serum, all showed some protection. All of these sera contained low levels of anti-K agglutinins and were less protective than the sera with higher anti-K agglutinin titers. It was tempting therefore to explain the protective effect as being due solely to the anti-K activity. But other evidence indicated that the anti-O activity may also be important. First, colonial morphology, as examined by the incident light method (9) , showed that E-107 K+ was more translucent and had lighter edges than some of our other K+ strains. This suggested a lower concentration of K antigen. Second, attempts to absorb the anti-K activity from our anti-O antisera with 16-hr-old E-107 K+ bacteria, by use phagocytized, whereas the K + variant was not ( Table 4) . As with E-107, the addition of 0.1 ml of anti-102 OK serum or normal mouse serum led to phagocytosis of the K+ cells. However, whereas E-102 K + was phagocytized in the presence of an anti-K serum, unlike E-107 K + it was not phagocytized in an anti-O serum. Passive protection tests in mice against challenge with E-102 K + (Table 5) showed good protection by rabbit anti-E-102 OK+ and anti-K sera. Anti-O antiserum (prepared against heated K -cells) had no protective effect.
The in vitro agglutination and opsonic activity of anti-O sera (prepared against heated E-107 K -and E-102 K -cells) when titrated against the homologous and heterologous strains are shown in Table 5 . Although the agglutination titers are virtually the same regardless of the target cell, a large difference can be seen in opsonic activity. The E-107 K+ cells were opsonized by both the anti-E-102 (1:200) and the anti-E-107 (1:1,000) sera, whereas the E-102 (31) .
We found the peritoneal cavity to be the site of initial multiplication of the K + bacteria in both the lethal and nonlethal infection. Further, mucin was able to lower the LD5o of the K + strain by any route only if the mucin was injected intraperitoneally. These results are in agreement with Rowley (20) that the virulence of some E. coli strains is correlated with ability to grow in the peritoneal cavity.
Our finding that growth continues for approximately 5 hr in the nonlethal infection before the organisms are eliminated indicates that time is required to marshall effective host defense.
The role of hog gastric mucin in enhancement of virulence is far from clear. In a series of papers, Smith and his associates (23) (24) (25) (26) (27) (28) (29) (30) The nonspecific release of protective antibodies after injection of microgram amounts of endotoxin is well known (7, 15) . The time of host clearance of E. coli in our experiments correlates well with the time of highest serum bactericidal levels against E. coli 0127:B8 (14) and highest opsonin titers against Vibrio cholerae (7) in mice after endotoxin injection. As the strains used in this work are insensitive to in vitro bactericidal activity of either normal mouse serum or mouse anti 02:K1 serum, determined by the test of Landy et al. (10) , removal by mucin of normal serum opsonins needed for phagocytosis of K + cells is a more likely explanation. Elimination of this opsonin should have no effect upon phagocytosis of the K -cell, and indeed hog gastric mucin does not affect the virulence of this strain.
Since there is a nonspecific release of many different specific antibodies after injection of endotoxin, an antiserum produced by immunization with one strain of E. coli may contain antibodies of other specificities. Thus, determination of the specificity of the antibody involved in protection against the K + organisms is difficult.
There seems little doubt that anti-K antibody is protective. We found a good protective effect with anti-OK serum, and removal of anti-O antibodies did not decrease this protection. The anti-O sera yielded minimal but significant protection and, although it is tempting to cpnsider this effect to be due to the low titer of anti-K antibodies also present, we have not been able to eliminate the possibility that the anti-O specificity plays a minor role. There is some indication, at least with E-107 K+, that the anti-O specificity has opsonic activity in vitro. It is possible that the bacterial envelope does not completely prevent the reaction between anti-O antibody and the somatic antigen in some K+ strains which appear to have a small amount of K antigen. This may well explain the results obtained with E-107 K+. Since a 14 to 16-hr culture was used, it is possible that a defect in the envelope covering of E-107 K + cells occurs with age. Although sera produced against heat-killed bacteria are usually less protective than those produced against living bacteria, exceptions do occur (4). These exceptions may involve low K-containing strains similar to E-107 K+.
The highest opsonic titers with both K + strains were obtained when anti-OK sera were used, indicating that an additive (anti-K plus anti-O) effect may occur. A primary reaction of K antibody with K antigen may allow the somatic antigen to react with its homologous antibody through removal of surface charge.
Recently, Medearis et al. (13) showed a correlation between susceptibility to phagocytosis and the presence or absence of specific sugars in the cell wall lipopolysaccaride of a mouse-virulent E. coli, serotype 0111:B4. It thus appears that both the 0 and K antigen are involved in virulence, with the important factor in both cases being susceptibility to phagocytosis. Opsonin, complement, mucin, 0 antigen, and K antigen may all be factors in determining the degree of virulence and host resistance.
